Abstract. Understanding the way regional landscapes operate, evolve, and change is a key area of research for ecosystem science. It is also essential to support the ''placebased'' management approach being advocated by the U.S. Environmental Protection Agency and other management agencies. We developed a spatially explicit, process-based model of the 2352 km 2 Patuxent River watershed in Maryland to integrate data and knowledge over several spatial, temporal, and complexity scales, and to serve as an aid to regional management. In particular, the model addresses the effects of both the magnitude and spatial patterns of human settlements and agricultural practices on hydrology, plant productivity, and nutrient cycling in the landscape. The spatial resolution is variable, with a maximum of 200 ϫ 200 m to allow adequate depiction of the pattern of ecosystems and human settlement on the landscape. The temporal resolution is different for various components of the model, ranging from hourly time steps in the hydrologic sector to yearly time steps in the economic land-use transition module.
INTRODUCTION
Ecosystem scientists have long realized that the environment is being managed on scales too small to be effective and with goals that are too narrow (Odum 1971 , Holling 1978 , Gunderson et al. 1995 . This is true for a broad range of questions and concerns, including global climate change, species conservation in old growth forests, and water quality in coastal ecosystems many miles below the source of pollutants. To be effective, attention needs to be focused on managing the health of large-scale ecosystems and landscapes, as well as integrating knowledge about ecosystems and economic systems across multiple scales (Costanza et al. 1992 , Rapport et al. 1998 . Often, these large eco- 4 E-mail: costza@cbl.umces.edu systems are most conveniently defined by drainage basins or watersheds. In addition, there is growing recognition that decisions about land use and management are usually made with little attention paid to their ecological impacts, and these impacts are significant at several scales, from the local to the global (Dale et al. 2000) .
Partly as a result of these insights and a concerted effort by ecosystem scientists, there has been a major movement over the last decade toward place-based, ecosystem-based, and watershed-based management. For example, the United States Environmental Protection Agency's (US EPA) Office of Research and Development (ORD) states the following:
The Agency has placed increased emphasis on community and place-based approaches to environmental management. These efforts represent a fundamental change from traditional single media-based ap-proaches for environmental regulation to a concern for the impact of multiple stressors over a broad range of spatial scales. [The Office of Research and Development] needs to provide communities the processes and tools that communities are able and willing to use to determine what ecological resources are at risk and how best to protect those resources through management action.
-US EPA 5 As a result of this shift, there are now many programs aimed at watershed-scale ecosystem management, including: the Great Lakes Program, 6 the Chesapeake Bay Program, 7 and the National Estuary Program. 8 The State of Maryland now has significant experience with watershed-based approaches to water quality protection and restoration. This has come about largely as a part of the multistate federal Chesapeake Bay Program and because the water quality of downstream tidal and estuarine waters has been recognized to be heavily influenced by upstream sources, particularly nonpoint sources. In addition, the nature of the Maryland portion of the Bay watershed lends itself to delineation of discrete tributary watersheds that include tidal rivers. A major focus of the program to restore the water quality of the Bay involves a ''tributary strategy,'' in which the sources of pollutants are estimated for each tributary watershed, fluxes are modeled, loadings are related to ecological conditions and living resources in the receiving subestuary, and goals are set for reduction of contaminants by generating sector (e.g., sewage treatment plants, agriculture, and dispersed residential) and location in the watershed. The Patuxent is one of the most important of these tributaries, and a wealth of data has been collected within and near the river, as we will describe.
To support this effort to effectively manage the complex interactions between human and natural systems at the watershed scale, integrated (across scales and across disciplines) scientific and technical knowledge and models are needed. We need to develop a better predictive understanding of ecosystem processes and properties over large watersheds, including the processes and mechanisms that govern the interconnected dynamics of water, nutrients, toxins, and biotic components and their linkages to human factors affecting water and watersheds, in particular land cover, land use, and management.
We have developed an integrated modeling framework aimed at addressing these goals. The approach evolved from work in coastal Louisiana (Costanza et al. 1990 ) and in the Everglades (Fitz et al. 1993) . Current work is focused on the Patuxent River watershed 5 URL: ͗http://www.epa.gov/nceawww1/weracs.htm͘ 6 URL: ͗http://www.epa.gov/glnpo͘ 7 URL: ͗http://www.chesapeakebay.net͘ 8 URL: ͗http://www.epa.gov/nep͘ in Maryland (Fig. 1) , one of the best-studied tributaries of the Chesapeake Bay, and one that has often been used as a model of the entire Bay system. Land-use manipulation by humans began in the Patuxent watershed before European colonists first settled in the Chesapeake Bay. Native Americans burned the forest, removing underbrush and promoting growth of large trees (K. Mountford, unpublished manuscript). However, the sediment record in the Bay and its tributaries only begins to show the influences of land-use change after European settlement in the 17th century Davis 1984, Cooper 1995) . It was not until massive land clearing and new farming practices were implemented in the 18th century that ecological effects became significant in the river and estuary. Mountford (unpublished manuscript) has tracked the changes in land use and management in the basin and outlines the beginnings of many of the modern-day concerns in the Chesapeake Bay. He describes a growing colonist population that rose from a nominal 150 persons in 1640 to 250 000 in 1776, and whose activities increasingly impacted the river ecosystems. Colonist farming practices, such as allowing livestock to range free, led to the local extinction of some herbaceous plants. Soil erosion increased dramatically, as turning the soil before planting became a common practice in the 18th century, and tillage straight downhill was used to assist animal plowing. Agriculture spread first from the coastal plain then up into the piedmont in the 1700s. Census data indicates that by 1840, 40-50% of the land in Southern Maryland had been deforested (Brush and Davis 1984) . As massive amounts of land were cleared, the estuary underwent major changes in sedimentation, eutrophication, and hydrologic regimes. Sediment studies in a freshwater marsh (Jug Bay) in the Patuxent show that sedimentation rates have gone from 0.05-0.08 cm/yr before European settlement to 0.50 cm/yr on average in the mid-1800s, the time of maximum land clearance (Khan and Brush 1994) . Between the 1750s and 1770s, Upper Marlboro in the mid to upper Patuxent became too shallow to be used as a port (K. Mountford, unpublished manuscript) . During this time, low marsh was being replaced by high marsh, and open water was replaced by low marsh in the mid-Patuxent (Khan and Brush 1994) . Sedimentation increased again in the late 1890s to early 1900s. Cores from the Khan and Brush study show sharp increases in sedimentation rates in the mid-1960s through the mid-1970s and again in early 1980s when rapid urbanization occurred in the upstream watershed. Rates have decreased somewhat since then, but current water depth at Jug Bay is only approximately one meter according to their study.
Evidence for increasing eutrophication following European settlement is strong in the sediment record in the oligotrophic part of the Patuxent Davis 1984, Cooper 1995) , with biogenic silica, diatom diversity and changes in relative abundance of certain species of diatoms all indicating eutrophication and some cores showing peaks in eutrophication indicators at the time of initial land clearance for agriculture (ϳ1760 AD). Concentrations of organic carbon, nitrogen, and sulfur also show marked increases after this point (Cooper 1995) . Diatom species show a strong shift at the time that fertilizers were introduced in 1860, and sewage inputs to the river led to increases in total diatom abundance. The mesohaline portions of the lower Patuxent show much less dramatic changes over time than the oligotrophic sites, although sedimentation increases and diatom species shifts are evident (Brush and Davis 1984) . Submerged aquatic vegetation (SAV) decreased dramatically in the mid-1960s, coincident with the growing use of herbicides. However, herbicides were largely exonerated as the cause of the macrophyte decline, which was instead attributed to eutrophication and sedimentation (Kemp et al. 1983 (Kemp et al. , 1985 . Aerial photos from 1938 show large SAV beds in the Patuxent, some extending 300 m offshore (K. Mountford, unpublished manuscript). The grasses have recently begun to reappear in significant amounts in some northern parts of the river, beginning in 1994 (Orth et al. 1995 ) (see also Virginia Institute of Marine Science Submerged Aquatic Vegetation Mapping Lab 1997).
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The changing land use has somewhat competing effects on the hydrologic regime. Removal of trees tends to reduce the evapotranspiration rates, leading to potentially higher freshwater inflows to the stream. Data from Baltimore Harbor in the Patapsco River just north of the Patuxent River (Fig. 1 ) suggest salinity has decreased in the last 500 years, which supports this idea (Biggs 1981 ). Yet, the effects of increased impervious surfaces can lead to decreased stream base flows by preventing groundwater recharge, although storm peak flows would be expected to increase.
Current land-use practices in the basin are the subject of intense scrutiny as planners and legislators search for ways to limit the impact of human population growth on natural resources. In 1994, ϳ50% of the watershed remained in natural vegetation (40% forest), and the developed land uses included 15% residential, 5% commercial/industrial, and 30% agriculture (Fig.  2) . The seven counties that encompass the watershed are experiencing some of the highest growth rates in the state. The rate of forest loss during [1985] [1986] [1987] [1988] [1989] [1990] was Ͼ2400 ha in the majority of the counties, and agricultural land declined over the same period by Ͼ800-1600 ha in most counties (Maryland Office of Planning 1993).
METHODS
Two problems arise from the heterogeneity among watersheds that present major challenges to both research and management. First, variation in structure and function inevitably prevents true replication in intensive field studies that attempt to relate landscape function to landscape structure. Second, variation among land uses within watersheds makes it difficult to directly extrapolate intensive studies to larger spatial scales. Even though drainage basins can be broken down hierarchically into smaller catchments based on topography, ''scaling up'' from intensive catchment studies is not a linear additive process because of differences among catchments and interactions between adjacent land uses. Management of water quality over large drainage basins must address both problems with innovative methods synthesizing data from intensive experimental studies on a few watersheds, then extrapolating important generalizations to large drainages using appropriate modeling techniques. Spatially explicit process-based modeling is one approach to understanding nutrient flux from heterogeneous watersheds (Costanza et al. 1990, Sklar and Costanza 1991) . These models can incorporate understanding of the physical and ecological processes that either retain or release nutrients in watersheds by (1) identification of ecological or anthropogenic processes important in making labile nutrients available for export, (2) simulation of hydrologic flow paths as potential ''routes'' of nutrient export, and (3) linking spatial patterns of labile nutrient concentrations with water flow paths. By focusing on processes, this approach gains potential generality of application at different spatial scales and at new locations. General process models require intensive data for development and independent data for testing. Thus these models are best developed from intensive empirical and model calibration studies of contrasting subwatersheds at several scales and tested by their ability to predict water and nutrient export from a variety of watersheds.
The Patuxent landscape model (PLM)
The Patuxent landscape model (PLM) is a spatially explicit, multiscale, process-based model designed to serve as a tool in a systematic analysis of the interactions among the physical and biological dynamics of the watershed, conditioned on socioeconomic behavior in the region. A companion socioeconomic model of the region's land-use dynamics was developed to link with the PLM and provide a means of capturing the feedbacks between ecological and economic systems.
In the ecological component of the model, the important processes that affect plant communities are simulated within the varying habitats distributed over the landscape. The principal dynamics modeled are as follows: (1) plant growth in response to available sunlight, temperature, nutrients, and water; (2) flow of water plus dissolved nutrients in three dimensions as mediated by soils, evapotranspiration, topography, and nutrient uptake and release; (3) decomposition of dead organic material and formation of soil organics. Using this approach to incorporating process-based data at a reasonably high spatial, temporal, and complexity resolution within the entire watershed, the changing spatial patterns and processes can be analyzed within the context of altered management strategies, such as the use of agricultural best management practices (BMPs) (e.g., reduced fertilizer application and reduced tillage).
The modeled landscape is partitioned into a spatial grid (ranging in this application within 2352-58 905 square unit cells). The model is hierarchical in structure, incorporating an ecosystem-level ''unit'' model that is replicated in each of the unit cells representing the landscape (Fig. 3) . The unit model, referred to as the general ecosystem model (GEM; Fitz et al. 1996) , itself is divided into submodels or modules representing functional divisions that simulate the important dynamics for each aspect of the system.
The current GEM unit model includes modules for hydrology, nutrients, plants, consumers, and humandominated systems. The hydrology module of the unit model is a fundamental component for other modeled processes, simulating water flow vertically within the cell. Phosphorus and nitrogen are cycled through plant uptake and organic matter decomposition. The plant module includes growth response to various environmental constraints (including water and nutrient availability), changes in leaf canopy structure (influencing water transpiration), mortality, and other basic plant dynamics. Feedbacks among the biological, chemical, and physical model components are important structural attributes of the model. While the unit model simulates ecological processes within a unit cell, horizontal fluxes link the cells together across the landscape to form the full PLM. Such fluxes are driven by cell-tocell head differences of surface and ground water in saturated storage. Within this spatial context, the water fluxes between cells carry dissolved and suspended materials, determining water quality in the landscape.
The same general unit model structure runs in each cell. Individual cells are parameterized according to habitat type (i.e., forest, grassland, agriculture, urban) and georeferenced information for each cell stored in geographic information systems (GIS) files. A habitatdependent parameter database includes initial conditions, rate parameters, stoichiometric ratios, etc. The parameter set used in each cell (reflecting the vegetation community type and other conditions) responds to changing hydrologic and nutrient regimes via successional switching algorithms that determine when local conditions favor a different habitat (Costanza et al. 1990 ). For example, if water levels increase sufficiently in a cell, it might change from forest to open water and the parameter set would change accordingly. Thus, when run within the spatial framework of the PLM, the landscape pattern responds to changing hydrology and water quality as simulated by material flows between adjacent cells.
The ecological model is linked to a companion economic model that predicts the probability of land use change within the seven counties of the Patuxent watershed (Bockstael 1996) . The economic model allows human decisions to be modeled as a function of both economic and ecological spatial variables. Based on empirically estimated parameters, spatially heterogeneous probabilities of land conversion are predicted as functions of land values in residential and alternative uses, as well as costs of conversion. Land value predictions, themselves, are modeled as functions of local and regional characteristics. The model of land-use conversion generates the relative likelihood of conversion of cells, and thus the spatial pattern of greatest development pressure. To predict the absolute amount of new residential development, the probabilistic landuse conversion model is combined with models of regional growth pressure. Linking the ecological and economic models allows the effects of both direct landuse change through human actions and indirect effects through ecological change to be evaluated, as well as the feedbacks between the two.
Comparison with other ecosystem ''unit'' models
The GEM is one of several site-specific ecological models that are process based and are designed to apply to a range of habitats. Some other models within this category are CENTURY (Parton et al. 1988 ), terrestrial ecosystem model (TEM; Vorosmarty et al. 1989) , and biome-biogeochemical cycles (BIOME-BGC; Running and Coughlan 1988). All of these models can be adapted to a particular site through parameterization of initial stocks and flux rates among various ecosystem components. General habitat models are suitable for building landscape models through spatially referenced parameterization of a spatial grid of cells that represent the various ecosystems composing a landscape (Costanza et al. 1990 , Creed et al. 1996 . See Fitz et al. (1996) for a comparison of the GEM/PLM model with other hydrologic and landscape models.
Among available ecosystem models, there is a large variation in complexity and capabilities. Often it is this variation that makes one model more suitable for certain applications than others. As a rule of thumb, more complex models will resolve issues in more detail, but are more difficult and time-consuming to calibrate and run, and beyond a certain complexity may, in fact, provide decreasing predictability .
Some landscape models include horizontal fluxes and exchange across cells, while others do not. Often these horizontal fluxes are controlled by a hydrological model. In addition to water, other possible horizontal fluxes include movement of air, animals, and energy, such as fire and water waves. The least complex interaction between horizontal and vertical fluxes is unidirectional, where horizontal fluxes provide the conditions to calculate vertical fluxes. A more complex approach would include bidirectional exchanges of information between the horizontal and vertical fluxes.
An example of a landscape model that does not include horizontal fluxes between cells uses the TEM unit model (Vorosmarty et al. 1989 ) and a water transport model based on residence time to remove excess water from each cell. Creed et al. (1996) created a landscape model with unidirectional information exchange by applying the regional hydro-ecological simulation system (RHESSys) for hydrologic exchanges and BIOME-BGC for vertical fluxes. Multidirectional exchanges are INTEGRATED ECOLOGICAL ECONOMIC MODELING used in PLM and CENTURY to move water and materials between landscape cells (Voinov et al. 1999a , Parton et al. 1992 .
Computational capabilities, research objectives, and data availability determine the optimum complexity and modes of information exchange between horizontal and vertical fluxes. In general, simulations with large spatial and temporal extents (e.g., global scenarios run at monthly or yearly time steps with a total time frame of centuries) perform best at lower complexities and with no horizontal fluxes. Simulations at smaller time steps and higher spatial resolution (e.g., regional models at daily or hourly time steps run for decades) often allow a more complex structure and multidirectional exchange potential.
The GEM/PLM aims for an intermediate level of complexity, so that the model is flexible enough to be applied to a range of ecosystems but is not so cumbersome that it requires a supercomputer. Although we take into account most important ecological processes, there is still a good deal of empiricism in the way these processes are formalized. The model represents a balance between the process-based paradigm and empirical relationships in the description of individual processes (Voinov et al. 1998 ). This limits the generality of the model, potentially requiring additional testing and calibration when switching to other scales or areas. However, it allows us to keep the whole model within reasonable limits of complexity. In addition, the modular structure allows users to streamline the model and reduce the full complexity by applying only those modules that are relevant to their simulation objectives.
Geographic and time series data
A variety of spatially and temporally disaggregated data is required to develop and calibrate the model. The database we have assembled is partially described in the Appendix. The model database contains the data that drive the model forcing functions, parameterize equations, and provide calibration and verification data for adjusting model parameters and comparing model output to the real system. The database was developed from extensive data sets collected for the Patuxent watershed by various governmental agencies, academic institutions (see the Appendix), and research programs (Correll 1983 , Brush et al. 1980 , Peterjohn and Correll 1984 , Correll et al. 1992 , Lichtenberg and Shapiro 1997 . Existing data for the local region were supplemented with broader regional databases where appropriate.
Much of the available data is at a temporal or spatial resolution that is different than we would like, so we sometimes employed data aggregation or interpolation techniques to adjust the data. For example, maps of model driving forces such as precipitation are created as the model runs by interpolating time series data from the set of seven meteorological stations distributed throughout the area. Land-use data are aggregated from higher resolution maps with more categories than we need. Another example is our use of elevation data (1: 100 000, with 1-m vertical resolution) combined with river network data (Maryland Office of Planning 1993) to improve the watershed boundary and shoreline delineation.
Spatial (GIS) data include several types of data sets. One set of maps describes initial conditions, such as land cover, elevation, soil type, bathymetry, and groundwater elevation. Other spatial data developed from satellite images provide a time series of estimated ecological conditions that are used for calibration purposes (e.g., normalized-difference vegetation index [NDVI]; Kidwell 1986; J. Jones, personal communication) . Watershed boundary, slope, aspect, and study area map layers were developed with the watershed basin analysis program in the Geographic Resources Analysis Support System (GRASS; U.S. Army Construction Engineering Research Laboratories 1993). Fig. 4 shows the basic spatial coverages that have been employed in the PLM and some of the derived layers that were also essential for the hydrologic module. Spatial fluxes of surface water in watershed models are predominantly driven by the elevation gradient.
In addition to the meteorological time series data that are used to map daily weather conditions, time series data are used to provide other information at specific points in the landscape. For example, point source discharges are used to introduce materials at specific points in the landscape. Hydrologic point time series data (stream flow, surface, and ground water quality) are used for calibration in the nontidal portions of the streams.
Specific rate constants are generally functions of spatial or habitat characteristics, such as soil or vegetation type. Habitat-dependent parameters include growth coefficients, uptake rates, and seasonal controls. About half of these data are specific to the Patuxent watershed, with the remainder derived from a more general database or from literature sources.
Unit model
The general ecosystem model (GEM), which was developed for the Everglades landscape model (ELM) 10 (Fitz et al. 1996) , was modified for use within the framework of the PLM. The model was reformulated on a modular basis, with each module capable of being run and calibrated independently (Voinov et al. 1999a ). The independent modules and the full unit model have also been run in the spatial implementation and rigorously tested at the full watershed scale. The GEM components that have been modified the most are described here. For further details about these or other modules (phytoplankton, dead organic material, etc.) the reader is referred to the paper by Fitz et al. (1996) and to the Library of Hydro-ecological Modules.
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Sensitivity analysis was used to gain insight about the model dynamics, showing the varying response of plant production to different nutrient requirements, with subsequent changes in the soil water nutrient concentrations and total water head. Changes in the plant canopy structure resulted in differences in transpiration, and consequently water levels and plant production.
Hydrology module
The hydrologic module simulates vertical water fluxes for a locality that is assumed to have spatially homogeneous characteristics. The module takes into account a variety of hydrologic functions controlled by physical and biotic processes including the following: 1) Vertical water movement between surface, unsaturated and saturated storage from percolation, aquiferstream interactions, and evapotranspiration.
2) Spatial climatic forcing based on rainfall, temperature, humidity, and wind condition data.
3) Transpiration fluxes dependent on plant growth, vegetation type, and relative humidity.
The traditional scheme of vertical water movement 11 URL: ͗http://iee.umces.edu/LHEM͘ (Novotny and Olem 1994) , also implemented in GEM, assumes that water is fluxed along the following pathway: rainfall, surface water, water in the unsaturated layer, and finally water in the saturated zone. In each of the stages, some portion of the water is diverted due to physical (evaporation, runoff) and biological (transpiration) processes, but in the vertical dimension the flow is controlled by the exchange between these four major phases. At a daily time step, the model does not attempt to mimic the behavior of shorter-term events such as the wetting front during an infiltration event. During a rapid rainfall event, surface water may accumulate in pools and litterfall, but in a catchment such as the Patuxent, over the period of a day, most of this water will either infiltrate, evaporate, or be removed by horizontal runoff. Infiltration rates based on soil type within the Patuxent watershed range 0.1-10 m/d, generally accommodating all but the most intense rainfall events in vegetated areas. The intensity of rainfall events can strongly influence runoff generation, but climatic data are rarely available for shorter than daily time steps. Also, if the model is intended to be run over large areas for many years, the diel rainfall data become inappropriate and difficult to project for scenario runs. Therefore, a certain amount of temporal detail must be forfeited to facilitate regional model implementation. 1) We assume that rainfall infiltrates immediately to the unsaturated layer and only accumulates as surface water if the unsaturated layer becomes saturated or if the daily infiltration rate is exceeded. Ice and snow may still accumulate.
2) Surface water may be present in cells as rivers, creeks, and ponds. Surface water is removed by horizontal runoff or evaporation.
3) Within the one-day time step, surface water flux will also account for the shallow subsurface fluxes that rapidly bring the water distributed over the landscape into the microchannels and eventually to the river. Thus, the surface water transport takes into account the shallow subsurface flow that may occur during rainfall, allowing the model to account for the significantly different nutrient transport capabilities between shallow and deep subsurface flow.
Nutrient module
Nutrient enrichment is arguably the most important environmental degradation factor within the Patuxent watershed, especially in the estuary. The PLM's process-based algorithms are designed to track the quantities of labile forms of phosphorous and nitrogen through the landscape during a simulation. Only phosphorous and nitrogen are tracked, as they are the most likely nutrients to limit plant growth rates. Nutrient inputs of anthropogenic origin respond to socioeconomic forces, and the effects of these inputs can be observed in plant production within the various habitats.
The original GEM nutrient sector was adapted to better match the aggregated hydrologic module. Various nitrogen forms, NO 2 Ϫ , NO 3 Ϫ , and NH 4 ϩ were aggregated into one variable representing all forms of nitrogen that are directly available for plant uptake.
Available inorganic phosphorus is simulated as orthophosphate. The distinction appears in conceptualizing nutrients on the surface, since in the PLM they are no longer associated with surface water and therefore need not be in the dissolved form. Instead, since most of the time most of the cells have no surface water, the model variables represent the dry deposition of nitrogen or phosphorus on the surface. Over dry periods they continue to accumulate nutrients from incoming fluxes from air deposition or mineralization of organic material. When rainfall occurs, a certain proportion of the accumulated nutrients become dissolved and made available for horizontal fluxing and infiltration.
Further modification of the nutrient dynamics were required to accommodate the aggregation of surface and shallow subsurface flows in the hydrologic sector. In the PLM a fraction of the nitrogen and phosphorus stored in the upper soil layer is made available for fast horizontal fluxing along with nutrients on the land surface. We have assumed this layer to be 10 cm thick, following a similar formalization in the carbon-nitrogen-sulfer (CNS) model (Haith et al. 1984) , where this upper soil layer was also assumed to be exposed to direct surface runoff.
In addition to atmospheric deposition, the nutrient sources include sewage discharges, fertilizer applications and discharges from septic systems. At present, nutrient storage in biomass is estimated from empirical data on 12 U.S. east coast mixed-forest plots (Johnson and Lindberg 1992) . Dissolved inorganic nutrients are removed from the system through the growth of biomass and released through mineralization of soil or suspended organics. Nutrient uptake and release are modeled as proportional to total net primary productivity and decay at rates estimated from elemental carbon ratios measured in similar ecosystems.
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Plant module
In the plant module we simulate the growth of higher vegetation. This will be macrophytes in an aquatic environment, trees in forests, crops in agricultural habitats, and grasses and shrubs in grasslands. The plant biomass (measured in kilograms per square meter) is assumed to consist of photosynthesizing (PH) and nonphotosynthesizing (NPH) components. In addition, we distinguish between aboveground and belowground biomass and production.
Another state variable is employed to track ''biological time'' in the module. Biological time is the sum over the life span of the plant of the amount of time during which daily average temperatures exceed a certain value (5ЊC in our case). This is the temperature regime that is most suitable for the physiological development of the plant. Therefore the total time during which such temperatures occur is a good indicator of the plant life stage and may be used to trigger certain processes such as sprouting, appearance of reproductive organs, etc.
The plant sector models conversion of inorganic carbon and nutrients into specific forms of biomass and provides linkages to the hydrology through evapotranspiration. It includes both photosynthetic and nonphotosynthetic biomass components. Maximum uptake rates are derived from empirical data relative to seasonal temperatures. During the simulation, maximum uptake rates are limited by light, nutrient concentrations, and water availability. The resultant uptake quantity is derived by multiplying the resultant uptake rate by the total photosynthetic potential (total leaf area).
The maximum attainable leaf area is habitat specific and is derived empirically as a proportion of the total biomass. Biomass and nutrients are accounted for in both above-and belowground material. Once the optimum leaf-to-biomass ratio is reached during plant growth, excess biomass is routed to the nonphotosynthetic component. The increase of total biomass allows additional increases in photosynthetic biomass. The nonphotosynthetic biomass feeds back into the photosynthetic part by means of early spring sap flows in deciduous trees and through seed germination.
Plant mortality provides an input to detrital matter. Depending on the lignin content, we distinguish between stable and labile detritus. Stable detritus is shredded and becomes soil organic material or labile detritus. Both soil organics and labile detritus are further decomposed to produce nutrients available for plant uptake.
Human-dominated systems
Nutrients generated by human activities are of particular concern in the Patuxent River watershed because as a Chesapeake Bay tributary it has been targeted for a 40% reduction in nutrient input levels. Agricultural and urban land-use management constitute the focus of efforts to reduce nonpoint source nutrient inputs to water bodies throughout the Chesapeake Bay watershed. Research indicates that relatively simple, low-cost methods of farm nutrient management could have a significant impact on surface and ground water quality in the United States (Correll 1983 , Crum et al. 1990 , Lynch and Corbett 1990 , Magette et al. 1990 ; L. Shabman, unpublished manuscript), but the effects at the landscape scale of changing farming practices are not known.
The PLM can directly analyze changing land management practices for their effect on nutrients, water budgets, and plant ecosystems. Agricultural and urban practices that influence nutrient loading and water flow rates are expressed in the variables that influence infiltration rates, as well as sinks and sources of nutrients. Agriculture is modeled using the plant sector of the model with special variables to account for fertilizer application and harvest times. To overcome the lack of spatially explicit data on farming practices, we used rates that are specific to soil type and county, and we rely on general information from those working with farmers and assessing nutrient practices in the basin. Since nutrient application rates are related to crop yields, and since yield estimates vary by soil, we were able to estimate application rates for each parcel of farmland identified in the land-use map by linking recommended nutrient application rates (Bandel and Heger 1994) to maps of soil and county. We plan to further refine the estimates of fertilizer application rates using the available data on county-level farming practices such as proportions of crops grown, rotation patterns, tillage types, and manure use. Currently we assume a crop rotation that is standard for this area. It includes corn, winter wheat, and soybeans over a two-year time period.
Urbanization effects are largely handled through land cover-dependent parameters for the hydrology and nutrient modules of the GEM unit model. Available information on urban nutrient sources such as road runoff and septic tank discharges are linked to existing GIS layers such as locations of roads and unsewered residential development to estimate the spatial distribution of these inputs. Point source discharge information, available in the form of time series data, is input to the appropriate cells in the PLM. Information on distribution and effectiveness of storm water management is used to parameterize residential land cover cells. The spatial model accounts for the effects of flow path on nutrient movement. As nutrient-containing water moves from urban to undeveloped cells, nutrients in surface water can be removed. Parameters on the type of soil, slope, and vegetation present in a cell determine whether that cell acts as a net source or sink for nutrients.
Spatial model
The spatial model combines the dynamics of the unit model (which are calculated at each time step for each INTEGRATED ECOLOGICAL ECONOMIC MODELING cell in the landscape) and adds the spatial fluxes that control the movement of water and materials between cells. Each cell generates stock and flow values that provide input to or accept output from the spatial flux equations.
In the spatial implementation, a major hypothesis tested is that overland and channel flow can be modeled similarly. Traditionally, in most models of overland flow the surface water is moved according to two separate algorithms: one for the two-dimensional flux across the landscape and another for the one-dimensional channel flow. This approach is used in some of the classic spatial hydrologic models such as the areal nonpoint source watershed environment response simulation (ANSWERS) (Beasley and Huggins 1980) or systeme hydrologique Europeen (SHE) (Abbott et al. 1986 ). However, considering the spatial and temporal scale of the Patuxent model, as well as its overall complexity, we use a simplified water balance algorithm for both types of flow.
Given the cell size of the model (200 ϫ 200 m or 1 km 2 ), we may assume that in every cell there will be a stream or depression present where surface water can accumulate. Therefore it makes sense to consider the whole area as a linked network of channels, where each cell contains a channel reach that discharges into a single adjacent channel reach. The channel network is generated from a link map that connects each cell with its one downstream neighbor, out of the eight possible nearest neighbors. Riparian vegetation affects the results by modifying surface and ground water flow in the stream cells and downstream cells; this is reflected in the model parameters. In the GEM unit model vegetation and nutrients are closely linked with hydrology through evapotranspiration and other processes.
After the water head in each raster cell is modified by the vertical fluxes controlled in the GEM unit model, the surface water and its dissolved or suspended components move between cells based on one of two algorithms being tested. In the simplified algorithm, a certain fraction of water is taken out of a cell and added to a cell downstream. This operation is either iterated several (10-20) times a day, effectively generating a smaller time step to allow fast river flow, or the location of the recipient cell is calculated based on the amount of head in the donor cell, after which in one time step the full amount of water is moved over several cells downstream along the flow path determined by the link map. The number of iterations or the length of the flow path needed for the hydrologic module is calibrated so that the water flow rates match gage data.
Another algorithm checks that water movement stops when the water heads in two adjacent cells equilibrate. We examine the flow between two adjacent cells as flow in an open channel and use the ''slope-area method'' (Boyer 1964) , which is a kinematic-wave approximation of St. Venant's momentum equation. The flux (measured in cubic meters per day) in this case is described by the empirical Manning's equation for overland flow. The equation is further modified to ensure that there is no flux after the two cells equilibrate, and the flux rate is then accelerated using the multicell dispersion algorithm discussed by Voinov et al. (1998) . While the first algorithm works well for the piedmont area with significant elevation gradients, the second is more appropriate for the coastal plain region where there are significant areas of low relief and tidal forces that permit counterflows.
For the saturated water, a modified Darcy equation was employed. For each cell, the flux was determined as a function of saturated conductivity and water head difference between the current cell and the mean head of the cell and its eight neighbors. We assume one vertically homogenous aquifer interacts with the surface water.
Economic land-use conversion (ELUC) model
Spatially explicit data on property sales and many of the economic and ecological characteristics of areas in spatial proximity to these sales were available for the seven counties encompassing the Patuxent watershed. This allowed land-use change to be empirically modeled in a spatially disaggregated way. The model estimates probabilities of land conversion from forest or agriculture to different densities of residential use within each spatial cell in the seven-county area of the Patuxent basin (Bockstael et al. 1995 , Bockstael 1996 , Bockstael and Bell 1998 , Geoghegan et al. 1997 .
The model consists of two stages. The first stage estimates the value of land parcels in different uses. The assessed value of any structures was subtracted from data on the selling price to get the residual value of the land in residential use. This land value was used as the dependent variable, and spatial variation in land prices were explained by an extensive array of features of the location, including distance to employment centers, access to public infrastructure (roads, recreational facilities, shopping centers, sewer, and water services), and proximity to desirable (e.g., waterfront) and undesirable (e.g., waste dump) land uses. Also included were some less obvious explanatory variables that describe the nature of the land uses surrounding a parcel. The estimation techniques used were maximum likelihood and generalized method of moments, the latter being an approach that allows for treatment of the obvious spatial autocorrelation in the model.
The second stage involved estimating ''qualitativedependent variable'' models (i.e., discrete choice models) of historical land-use conversion decisions. In this stage, historical decisions as to whether or not to convert a parcel in an agricultural or forest use to residential use are modeled as functions of their value in original use, predicted value in residential use (derived from the first-stage model), and proxies for the relative costs of conversion. The purpose of this stage was to determine what factors affect land-use conversion and to estimate parameters of those conversion functions.
Once the parameters of the two stages of the model were estimated, it was used to generate the relative likelihoods of conversion of different parcels in the landscape. A spatial pattern of relative development pressure was obtained as a function of the characteristics of the parcels and their locations. Since the explanatory variables used to predict the values in residential and alternative uses and the costs of conversion are all functions of ecological features, human infrastructure, and government policies, the effects of changes in any of these variables can be simulated. Total growth pressure in the region was then used to estimate the spatial patterns of new residential development into the future. For example, to generate the scenarios used in this paper, we used a projection of 28 000 new dwelling units in the five years 1997-2003 in the seven counties that include the Patuxent watershed. Other alternatives for growth pressure could also be analyzed, but this seemed to be the consensus opinion on growth pressure in the near term. The new dwelling units were then distributed in the watershed in the ''most likely'' locations based on the results of the stage 1 and 2 modeling exercises that we have described.
RESULTS
Much of the time involved in developing spatial process-based models is devoted to calibration and testing of the model behavior against known historical or other data (Costanza et al. 1990) . To adequately test model behavior and to reduce computational time, we performed the calibration and testing at several time and space scales, and for the unit model independently of the full spatial model. These tests and their results are briefly described here, followed by results of various scenarios using the calibrated model. These scenarios address both the underlying behavior of the landscape and the implications of various proposed management options.
Unit model calibration
The general ecosystem model (GEM) has been previously calibrated for the Everglades National Park and Water Conservation Areas (Fitz et al. 1995) , which hosts a plant community dominated by perennial herbaceous species (e.g., sawgrass). In contrast, the dominant Patuxent plant community is forest. We have carried out a systematic investigation of the behavior of the GEM across its parameter space. The calibration presented here simulates a 10-year period using a constant weather regime for each year, beginning in 1986. Field monitoring at 12 forested sites located within the eastern United States (Johnson and Lindberg 1992) provided mean flux rates and organic matter nutrient contents for input and calibration. Parameters in the unit model are for an average unit area (1 m 2 ). They are multiplied by the area of each cell later in the spatial simulation. Input parameters for driving the hydrological functions are mean values from the State Soil Geographic (STATSGO) database for the Patuxent watershed (see the Appendix). Biomass and species composition were derived through the Forest Inventory and Analysis Database (FIA) (see the Appendix). The forest association used to select data was oak-hickory with 0.6% coniferous trees. External input of nutrients was through precipitation, while dissolved concentrations were allowed to leave the system with the groundwater flow. The consumer sector was made inactive in anticipation of stronger supporting data currently being developed.
The calibration was run for three different stages in forest development. At the first or young stage the forest biomass is set at 10% of the maximum attainable biomass, which is based on the 75th percentile value for oak-hickory in the FIA. The second stage (intermediate) is set at 50% of the maximum biomass, while the third stage (old) is set at 90% of the maximum biomass. Ten-year averages of inorganic phosphate concentrations (PO 4 3Ϫ ), dissolved inorganic nitrate concentrations (DIN), net primary production (NPP) (Ta- FIG. 6 . Daily output for the soil organic matter, forest biomass, leaf detritus, wood detritus, bio-available soil phosphorous, and bio-available soil nitrogen stocks from calibration runs simulating 10 years of forest growth. Also shown is one year of phosphorous, nitrogen, and net primary production (NPP) on an expanded time scale. Curves, top to bottom, are as follows: F, forest; S, soil; L, leaf detritus; W, wood detritus; N, nitrogen; P, phosphorus; and NNP, net primary productivity. ble 1), detrital matter, and nonliving soil organic matter (NLOM) are compared to similar values available through the FIA database for the Patuxent watershed or literature on temperate forests.
As expected, the older forest showed the largest amounts of detrital and soil organic matter. The soil organic matter values in the old and intermediate forest exceed the mean ϩ 1 SD (Fig. 6 ) because of the lack of consumer appropriation of plant biomass, which is instead routed to the organic matter pool through the detrital pathway. In contrast to the intermediate or young forests, old forest was able to sustain high net primary production that caused a steady increase in the soil organic matter. After seven years of simulation the old forest detrital matter production decreased due to growth-limiting factors and nutrient limitations. The young forest became increasingly phosphate limited, which resulted in a 10-year decrease in NPP and NLOM. This is consistent with the notion that deciduous forests use more nutrients and are leakier during early stages in forest growth when compared to pines, which are more conservative in their use of nutrients and thus have a early competitive advantage (Reich et al. 1992 , Gholz et al. 1994 .
Nutrient concentrations during the 10-year simulation runs tend to stay within the limits reported in the literature (Table 1 ). The standard deviations in the single-age runs were lower than would be expected from a spatial run showing mixed ages in the landscape. The literature values represent means of the more variable mixed ages. The forests in all age stages had transitional loads of DIN and low values of inorganic phosphate. Net primary production through the simulation was approximately twice the NPP derived from the FIA database, but well within the range of one standard deviation (Table 1) . This makes sense, since the FIA data is focused on timber (aboveground, woody) production and does not account for belowground and herbaceous production. Only one-third of the variation in NPP, and 1/10 in PO 4 3Ϫ was captured during the unit model calibration runs. Larger ranges in variation for these two variables are expected when calibrating the spatial model on a larger variety of soil conditions. In contrast, the unit model calibration did account for most of the variation in DIN, as variation in the nitrogen cycle is less soil specific and more controlled by atmospheric concentrations of gaseous nitrogen species . The same contrast between PO 4 3Ϫ and DIN sources (soil vs. atmospheric) is seen in the seasonal model dynamics (Fig. 6 ) of the young forest, which show little variation over the year in PO 4 3Ϫ concentration relative to DIN. The low biomass of the young forest forces it to rely on the slow release of PO 4 3Ϫ from a mineral soil, but DIN remains more readily available through wet deposition. As biomass in the forest increases, nutrient dynamics are more controlled by the mineralization of organic matter and plant uptake rates, which provide a larger pool of available nutrients. This leads to less dramatic changes in nitrogen, but more seasonal variation in phosphate in the older forests.
Agricultural land uses were simulated in GEM for crops typical of the Patuxent watershed. Crops included typical cycles between corn, winter wheat, and soybeans. The Patuxent-general ecosystem model (Pat-GEM) was expanded to include decisions on planting, harvesting, and fertilization, while switching between crop-specific growth parameters. Crop production estimates were calibrated against the results from the erosion productivity impact calculator (EPIC), which is a widely used and calibrated agricultural model. High correlations were found between output generated with Pat-GEM and EPIC. The R 2 value ranged 0.87-0.98, with results for winter wheat showing the lowest correlation coefficients. Intercalibration using EPIC proved to be a useful ''second-best'' method for calibrating the Pat-GEM model for agricultural land uses. The erosion productivity impact calculator was able to provide ϳ30% of the input data required for running the PLM model, and it also provided time series output data (on a daily step) to compare with the GEM output variable. Since EPIC has been widely tested, we feel INTEGRATED ECOLOGICAL ECONOMIC MODELING that replicating its results is a sufficient ''second-best'' calibration approach in lieu of detailed local time series data.
Spatial hydrology calibration
Calibrating and running a hydrologic model of this level of complexity and resolution requires a multistage approach (Voinov et al. 1999a ). We first identified two spatial scales at which to run the model: a 200-m and 1-km cell resolution. The 200-m resolution was more appropriate to capture some of the ecological processes associated with land-use change, but was too detailed and required too much computer processor time to perform the numerous model runs required for calibration and scenario evaluation for the full watershed. The 1-km resolution reduced the total number of model cells in the watershed from 58 905 to 2352.
Second, we identified a hierarchy of subwatersheds. The Patuxent watershed has been divided into a set of nested subwatersheds to perform analysis at three scales (Fig. 7) . The small (23 km 2 ) subwatershed of Cattail Creek in the piedmont northern part of the Patuxent basin was used as a starting point. Another small subwatershed, Hunting Creek, was selected to calibrate the model for the different hydro-ecological conditions of the coastal plain area. The next larger watershed was the upper nontidal half of the Patuxent watershed that drained to the USGS gage at Bowie (940 km 2 ). And finally we examined the whole Patuxent watershed (2352 km 2 ). The number of total model cells grew from 566 cells initially, to 23 484 cells for the half watershed, and then to 58 905 cells for the entire study area at the 200-m resolution.
In this stage of the calibrations, we ran only the hydrologic component of the model, without links to the plants and nutrients. While transpiration by plants and the influence of nutrients on plant productivity and transpiration are obviously important influences on hydrology, we excluded them at this stage for several reasons: (1) for simplicity; (2) for direct comparison to other hydrologic models; and (3) to test the effects of adding the plant and nutrient dynamics later in the analysis.
We staged a set of experiments with the small Cattail Creek subwatershed to test the sensitivity of the surface water flux. Three crucial parameters controlled surface flow in the model: infiltration rate, horizontal conductivity, and number of iterations per time step of the unit model. River flow peak height was strongly controlled by the infiltration rate. The conductivity determined river levels between storms, and the number of iterations modified the width of the storm peaks.
Surface water flow was calibrated against the 13 USGS gaging stations in the area that have data concurrent with the climatic data series (1990) (1991) (1992) (1993) (1994) (1995) (1996) . In this calibration, the model results for the Cattail subwatershed (Fig. 7a) are in fairly good agreement with the data and may be considered as a partial model verification because none of the parameters had been changed after the initial calibration using 1990 data. Some of the flow statistics are presented in Table 2 where we have also included calibration results from the Hydrologic Simulation Program-Fortran (HSPF) (Donigian et al. 1984 ) that has been previously applied to the Patuxent watershed (AQUA TERRA 1994). We attained a considerably better fit to the data with our model than with HSPF. The Hydrologic Simulation Program-Fortran is a more empirically based model that uses high temporal resolution input data (e.g., hourly rainfall data), but relatively low spatial resolution (e.g., aggregated subwatersheds). Much more of the behavior in HSPF is embedded in the parameters of the model than is the case with the PLM (which uses the pattern of land use to drive much of the behavior). Thus the effects of changes in the spatial pattern of land use (one of our key questions) cannot be adequately addressed using HSPF, since it would require recalibrating the model for the new land-use pattern, and empirical hydrologic data for this new, hypothetical, landuse pattern obviously does not exist.
Next we performed a spatial scaling experiment that involved varying the spatial resolution of the model. In this experiment, we mainly looked at the effects of changing the model resolution, not the data resolution. Using geographic information systems (GIS) operations, we aggregated the model, switching from a 200-m to a 1-km cell resolution. Model runs for the 1-km resolution were remarkably close to the results from the 200-m model. This finding was especially promising for analysis of the other modules of the full ecological economic model. Since most of the horizontal spatial dynamics are governed by the hydrologic fluxes, the coarser 1-km resolution should be sufficient for the spatial analysis of the integrated model of the watershed in this case.
Overall, the model of the half watershed (Fig. 7b ) showed less precise model results (Fig. 8) sented greater heterogeneity, which was not fully accounted for in the calibration. Specific reasons for this include the following: the spatial resolution of the input climatic data, the greater complexity of groundwater flows at this scale (which are handled in a very simplified way in the model), and the need to recalibrate some of the hydrologic parameters at the larger scale.
One parameter that needed to be adjusted was the number of iterations N in the hydrologic module. At the larger watershed scale, it turned out that a better fit could be obtained if the number of iterations was further increased. Apparently this was because at this larger scale we needed to move water further and faster to better simulate the short-term high peaks that were observed in the data. This was a clear illustration of the fact that different scales present new emerging behavior of the system, and that rescaling is an important process that can usually not be done mechanically. The best fit to data was obtained when running the model with the self-adjusting method for N with the maximum number of iterations m ϭ 100 (Voinov et al. 1999b ). Interestingly, the Cattail subwatershed still performed as well as before with this value of m. This could be expected since the previous analysis showed no sensitivity of subwatersheds to increases in N beyond 20 (m ϭ 20).
Within the subwatershed, we assumed that the groundwater dynamics closely follows the surface water flows and confined the groundwater to the subwatershed area. This is probably not accurate even for Cattail Creek, and at larger scales the groundwater patterns are even more complex.
The spatial rainfall and other data were interpolated from daily records of seven stations distributed over the study area. The Cattail subwatershed hydrology was driven by one climatic station and the half-watershed model incorporated data from three stations. The lack of data on the true variability of the meteorological data in space and time hinders the model's ability to accurately represent short-term or localized responses in river flow. However, the model is able to consider antecedent moisture and runoff-generating areas in a spatially realistic manner based on topography, land use, and soil type, giving the simulation a fairly high degree of precision. The general hydrologic trends seem to be well captured by the model and allow us to expand the study to other modules.
Full ecological model calibration
The full spatially explicit ecological model was run for several years using historical climate inputs for calibration purposes. In this case, we ran the model at a 1-km spatial resolution. We used two methods to compare the model performance to the available data.
Certain modeled variables, or indices that aggregate model variables, were compared to point time series data such as stream flow, nutrient concentration in the streams, and historical tree ring data for the region (Tables 1 and 2 ).
The inclusion of plant and nutrient dynamics improved the model's hydrologic performance in comparison to the output already reported. The spatially explicit representation of plant and nutrient dynamics modifies the evapotranspiration and interception fluxes in the model, making the model performance more realistic. It was also essential for scenario runs that take into account land-use and cover changes, in which these changes modify the hydrologic fluxes in the watershed.
A sample of calibration for flow-weighted nitrogen concentrations in the Patuxent River at Bowie is presented in Fig. 9 . Data are available to calibrate longer term runs of the model with these data sets. Model output was compared to field data by visually inspecting superimposed graphs and comparing annual mean and total values. For example, the long-term trend of nitrogen dynamics in Hunting Creek (a small subwatershed in the Coastal Plain area) shows good correlation with the annual dynamics calculated from the data.
Comparison of raw spatial data is a much more difficult and less studied procedure. Spatially explicit data is scarce and rarely matches the spatial extent and resolution produced by the model. Some example output for plant primary production from the model is shown in Fig. 10 . This shows the typical pattern of seasonal growth in the region, which has a significant impact on hydrology through transpiration. Data derived from advanced, very high resolution radiometer (AVHRR) satellite images, the normalized-difference vegetation index (NDVI) or ''greenness'' index were used to calibrate the full model's predictions of primary production for intra-annual effects. We created indices from the NDVI data and the model output so that we were comparing the timing and pattern of NDVI change to the timing and pattern of net primary production (NPP) change in the model. A visual comparison shows fairly good agreement between the model output and the data Ecological Monographs Vol. 72, No. 2 currently available. For long-term forest growth calibrations we used the Forest Inventory and Analysis (FIA) data on forest growth (Table 1) . The small Cattail Creek subwatershed (which can be run more quickly) was run for 50 years to examine long-term trends. These results compared favorably to the FIA data.
Scenario overview
The goal of the linked ecological economic model development was to test alternative scenarios of landuse patterns and management. A wide range of future and historical scenarios may be explored using the calibrated model. We have developed scenarios based on the concerns of county, state, and federal government agencies, local stakeholders and researchers. What follows is the set of initial scenarios that have been considered, presented chronologically. The first four listed here constitute a group of historical scenarios based on the USGS reconstruction (Buchanan et al. 1998 ) of land use in the Patuxent watershed. The next set of four scenarios (5-8) specify a temporal point of reference and emphasis. Scenarios 8-18 all assume the use of best management practices (BMP). Scenarios 9-12 are variations on the economic land-use conversion model (ELUC) of N. Bockstael (Bockstael et al. 1995 , Bockstael 1996 , Bockstael and Bell 1998 ) that reflect land use over the five years following 1997 (i.e., through 2003). Scenarios 13-16, on the other hand, study dramatic change in land-use patterns using 1997 land use as the starting point and are designed to show the total contribution of particular land-use types to the current behavior of the system by completely removing them. Finally, scenarios 17 and 18 form a pair of hypothetical scenarios to study the effects of clustering, again using the 1997 land use as the starting point. 1) 1650.-During the predevelopment era, most of the area was forested, with zero emissions.
2) 1850.-During the period of agro-development, almost all of the area was under agricultural use, with traditional fertilizers (e.g., marl, river mud, manure) and low emissions.
3 The scenarios were driven by changes in the landuse map, the sewers map, patterns of fertilizer application, amounts of atmospheric deposition, and location and number of dwelling units. Since the model is spatially explicit and dynamic, it generates a huge amount of output for each scenario run. We can only present a brief summary here in the form of spatially and temporally averaged values for a few key indicators. Table 3 is a summary of some of the model output from the different scenarios, looking at nitrogen concentration in the Patuxent River as an indicator of water quality, changes in the hydrologic flow, and changes in the net primary productivity of the landscape. Some selected additional results of the scenario runs are now briefly described.
Historical scenarios
In this group of scenarios (1-4), we attempted to reconstruct the historical development of the Patuxent watershed, starting from the pre-European settlement conditions in 1650. The 1850, 1950, and 1972 maps (Fig. 11) were produced based on data from Buchanan et al. (1998) . In 1650, the watershed was almost entirely forested, with very low atmospheric deposition of nitrogen, no fertilizers, and no septic tank discharges. The rivers had very low nutrient concentrations. By 1850, the landscape had been dramatically modified by European settlers. Almost all the forests were cleared and replaced with agriculture (Table 3) . However, fertilizers used at the time were mostly organic (manure, river mud, green manure, vegetable matter, ashes), the atmospheric deposition of nutrients was still negligible, and the population was low, producing little septic tank load.
After 1850, agricultural land use began shrinking and forests began regrowing. By 1950 the area of forests had almost doubled. At the same time, rapid urbanization began, primarily along the Washington, D.C.-Baltimore corridor. This affected the Patuxent watershed both directly (through changes in land use from agriculture and forests to residential and commercial uses) and indirectly (through increased automobile use in the larger region and increased atmospheric inputs of nutrients). This process continued until the 1970s, when reforestation hit its maximum. Since then, continued urbanization of the area has been affecting both agricultural and forested areas at approximately the same rate. The atmospheric emissions and fertilizer applications were assumed to grow steadily from the low preindustrial levels to modern load levels. The growing population in the residential sectors contributed to increasing discharges from septic tanks.
vs. 1997 vs. ''buildout''
Comparison between the 1990 and 1997 model output (scenarios 5 and 6, respectively) shows that there was a considerable decline in the number of forested and agricultural cells, which was due to the increase in residential and urban areas. Accordingly, fertilizers contributed less to the total nitrogen load for the watershed, whereas the amount of nitrogen from septic tanks increased (Table 3) . These load totals also demonstrate the relative importance of different sources of nitrogen on the watershed. Under existing agricultural practices the role of fertilizers remains fairly high. Atmospheric deposition contributes unexpectedly high proportions of the nitrogen load. The role of septic tanks may seem minor; however, it should be remembered that the fate of septic nitrogen is quite different from the pathways of fertilizer and atmospheric nitrogen. Under existing designs of septic drainage fields, the septic discharge is channeled directly to groundwater storage and almost entirely avoids the root zone and nutrient uptake by terrestrial plants.
During 1990-1997 most of the land-use change in the model occurred by replacing forested with resi- are a reconstruction based on estimates done by the U.S. Geological Survey. The ''buildout'' scenario was estimated based on the existing zoning maps and the mean population densities for particular land-use types. The buildout conditions represent the ''worst-case'' scenario. The economic land-use conversion (ELUC) scenarios (LUB 1-4) are based on the model by N. Bockstael (Bockstael et al. 1995 , Bockstael 1996 , Bockstael and Bell 1998 . Other scenarios are described in the text. The table lists the land-use distribution for each scenario, followed by the nitrogen inputs from the atmosphere, fertilizers, decomposition, and septic tanks. Next are the mean, maximum (max), and minimum (min) nitrogen in surface waters, and the max and min water levels in streams. W max is the total of the 10% of the flow that is maximal over a one-year period. This represents the peak flow. W min is the total of the 50% of flow that is minimal over a one-year period. This is an indicator of the base flow. N gwc is the mean concentration of N in the groundwater. Since groundwater is a fairly slow variable in the model and the model had only one year of relaxation time in the experiments performed, this variable probably does not adapt fast enough to track the changes assumed under the different scenarios. Total net primary production (NPP; measured in kg·m Ϫ2 ·yr Ϫ1 ) presents the mean across the whole watershed of plant productivity. It reflects the approximate proportion of forested and agricultural land-use types, which have a larger NPP than residential land uses. See text for additional details. 1650, 1850, 1953, and 1972 , based on U.S. Geological Survey estimates (Buchanan et al. 1998 ). dential land-use types. As a result, we do not observe any substantial decrease in water quality in the Patuxent River (Table 3 ). The changes in hydrologic parameters that are associated with the substitution of residential areas for forested and agricultural ones result in somewhat more variability in the flow pattern; however, this difference is not very large. Apparently, during this time period, the residential land use is still less damaging than agricultural use, and the loss in environmental quality that is associated with a transfer from forested to residential conditions is compensated by a net gain in a similar transfer from agricultural to residential use.
FIG. 11. Approximate reconstruction of Patuxent watershed development for
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These trends are reversed when we move on to the ''buildout'' (BO; scenario 7) conditions in the model. At some point, a threshold is passed after which most of the development occurs due to deforestation and the effect of residential and urban use becomes quite detrimental to the water quality and quantity in the watershed. The base flow (represented by the 50% minimal flow values) decreases to almost half of the predevelopment 1700 conditions, and the peak flows become very high because of the overall increase of impervious surfaces. Accordingly, the nitrogen content in the river water grows quite considerably.
Best-management practices (BMP)
The next scenario (scenario 8) attempts to mimic the possible effects of BMPs. Government concerns are primarily aimed at nutrient reduction through nonpoint source control and growth management (Maryland Office of Planning 1993) and have the broader goal of improving the groundwater, river, and estuarine water quality for drinking water and habitat uses. Nonpoint source control methods under study include stream buffers, adoption of agricultural and urban BMPs, and forest and wetland conservation. Urban BMPs, or storm water management, involve both new development and the retrofitting of older developments. Growth management includes programs to cluster development, protect sensitive areas, and carefully plan sewer extensions. Clustered development has been proposed and promoted in Maryland as a method to reduce nonpoint sources and preserve undeveloped land.
At this time, we have limited our consideration of BMPs to reduction of fertilizer application. Crop rotation has been assumed previously as a standard farming practice in the area. In addition to that, we assessed the potential for nutrient reduction in the Patuxent from reductions achieved by farmers in the basin who have adopted farm nutrient management plans. The Maryland nutrient management program (NMP) enlists farmers who are willing to create and implement nutrient management plans that use a variety of techniques to lower application rates including nutrient crediting with and without soil testing, setting realistic yield goals, and manure testing and storage. The biggest gains for farms without animal operations tended to come from adjusting yield goals (P. Steinhilber 1996, Coordinator of the NMP, personal communication). From this information, we created an expected nutrient reduction of 10-15%, which is the typical reduction for farms in the NMP (T. Simpson 1996, Maryland Department of Agriculture [MDA] , personal communication). Another major source of fertilizer application reduction is the recognition by farmers of the contribution of atmospheric deposition when they are calculating their nutrient requirements. This has been promoted by some of the recent recommendations issued by MDA. As a result, we get quite a considerable change in fertilizer loading, and reduction of agricultural land use in the watershed becomes no longer beneficial for water quality in the river (Table 3) .
Economic land-use conversion (ELUC) model scenarios
This group of scenarios (9-12) distributes 28 000 projected new dwelling units (using 1997 conditions as a base) within the area of the seven counties that include the Patuxent watershed, under certain assumptions about the location of sewers and forest preservation strategies. Most of the change occurs in the upper Patuxent portion of the watershed. As seen from Table 3 , the resulting changes in land-use distributions were not as dramatic as during the 1990-1997 period. Correspondingly, the changes in water quality in the river were quite subtle. Our indicators show Ͻ1% change relative to the 1997 conditions. However, it is noteworthy that in these scenarios, contrary to the previous period, most of the land-use change is from agricultural to residential habitats. The reduction of agricultural loadings turns out to be more important than the increase in septic tank discharges. Because of the high primary productivity of agricultural land use relative to residential, we also observe a decline in mean Ecological Monographs Vol. 72, No. 2 NPP. Apparently these changes do not bring us to the threshold conditions after which the residential trends of development become especially damaging to the environmental conditions.
Hypothetical scenarios
In the next group of scenarios (13-18), we considered some more drastic changes in land-use patterns. None of these are realistic, but they allow one to estimate the relative contributions of major land-use types to the current behavior of the system. They were also essential to evaluate the overall robustness of the model and to estimate the ranges of change that the model could accommodate. For example, by comparing scenarios 14 and 15, one can see that agricultural land uses currently play a larger role in the nutrient load received by the river than residential land uses, even under the BMPs. We get a considerable gain in water quality by transferring all the agricultural land into residential. Contrary to expectations, cluster development (scenario 17) did not turn out to be any better for river water quality than residential sprawl (scenario 18). Because of larger impervious areas associated with urban land use, the peak runoff dramatically increased in this scenario. This in turn increased the amount of nutrients washed off the catchment area. Cluster development would be beneficial only if it were accompanied by effective sewage and storm water management, thus reducing runoff and providing sufficient retention volumes to channel water off the surface and into the groundwater storage. It should be noted, however, that in our definition of these scenarios we have only modified the land-use maps in terms of the limited number of aggregated categories that we are distinguishing. The changes in the infrastructure (e.g., roads, communications, sewers) that should be associated with the cluster vs. sprawl development have not yet been taken into account.
Conversion of all currently forested areas into residential (scenario 16) was almost as bad as the buildout scenario (scenario 7). However, the crop rotation assumed in scenario 16 somewhat decreased the amounts of fertilizers applied and resulted in lower overall nitrogen concentrations. The septic load in this case was so large because the transition to residential land use was assumed to occur without the construction of sewage treatment plants. In the buildout scenario, most of the residential and urban dwellings were created in areas served by existing or projected sewers.
Summary of scenario results
One major result of the analysis performed thus far is that the model behaves well and produces plausible output under significant variations in forcing functions and land-use patterns. It can therefore be instrumental for analysis and comparisons of very diverse environmental conditions that can be formulated as scenarios of change and further studied and refined as additional data and information are obtained. The real power of the model comes from its ability to link spatial hydrology, nutrients, plant dynamics, and economic behavior via land-use change. The economic submodel incorporates zoning, land-use regulations, and sewer and septic tank distribution to provide an integrated method for examining human response to regulatory change. The projections from the economic model of land-use change based on proposed scenarios shows the probable distribution of new development across the landscape so that the spatial ecological aspects can be evaluated in the ecological model. The model allows fairly site-specific effects to be examined as well as regional impacts, so that both local water quality and Chesapeake Bay inputs can be considered.
The scenario analyses also demonstrated that the Patuxent watershed system is complex and its behavior is counterintuitive in many cases. For example, in the entirely forested watershed of 1650 the flow was very well buffered and showed moderate peaks and fairly high base flow. The agricultural development that followed in the next century actually decreased both the peak flow and the base flow, contrary to what one would expect, even though the decrease in the base flow was much more significant than the decrease in the peaks. Apparently, evapotranspiration rates for the kinds of crops currently included in the model were high enough to keep the peaks down. Comparing the effects of various land-use change scenarios on the water quality in the river (Fig. 12) similarly shows that the connection between the nutrient loading to the watershed and the nutrient concentration in the river is complex and difficult to anticipate or generalize. This merely confirms the need for a complex, spatially explicit simulation model of the type we have developed here.
Nevertheless, a few general patterns emerge from analysis of the scenario results, including the following: 1) As previously observed (Krysanova et al. 1999 ), the effects of temporarily distributed loadings are less pronounced than those that are event-based. For example, fertilizer applications that occur once or twice a year increase the average nutrient content, especially the maximum nutrient concentration (quite significantly), whereas the effect of atmospheric deposition is much more obscure. The difference in atmospheric loading between scenarios 1 and 3 is almost two orders of magnitude, yet the nutrient response is only five to six times higher, even though loadings from other sources also increase. Similarly the effect of septic loadings that occur constantly is not so large. The average N concentration is well correlated (r ϭ 0.87) with the total amount of nutrients loaded. The effect of fertilizers is most pronounced among the individual factors (r ϭ 0.82), while the effect of other sources is much less (septic, r ϭ 0.02; decomposition, r ϭ Ϫ0.40; atmosphere, r ϭ 0.71). The fertilizer application rate determines the maximum nutrient concentrations (r ϭ 0.76), with the total nutrient input also playing an important role (r ϭ 0.55). Even the groundwater concentration of nutrients is related to fertilizer applications (r ϭ 0.64); however, in this case the septic loadings are more important (r ϭ 0.68), even more important than the total N loading (r ϭ 0.52).
2) The hydrologic response is quite strongly driven by the land-use patterns. The peak flow (maximum 10% of flow) is determined by the degree of urbanization (r ϭ 0.61). The base flow (minimum 50% of flow) is very much related to the number of forested cells (r ϭ 0.78), but in both cases there are obviously other factors involved.
3) We used the net primary productivity (NPP), excluding agriculture and urban areas, as an indicator of ecosystem health and ecosystem services. The NPP is primarily provided by forested areas in the watershed. Different land-use patterns result in quite significant variations in NPP, both in the temporal (Fig. 13 ) and in the spatial (Fig. 14a, b) domains. The predevelopment 1650 conditions produce the largest NPP; under buildout conditions, NPP is the lowest. Interestingly, as seen from the changes in the spatial distribution of NPP (Fig. 14) , there are certain areas that currently produce higher NPP than in 1650. This is because of increased nutrient availability due to atmospheric deposition and fertilizer applications in adjacent agricultural areas.
DISCUSSION
Linked ecological economic models like the Patuxent landscape model (PLM) are potentially important tools for addressing issues of land use change at the regional watershed scale. The model integrates our current understanding of ecological and economic processes at the site and landscape scales to give estimates of the effects of spatially explicit land-use or land management changes. The model also highlights areas where knowledge is lacking and where further research should be targeted. Specifically, the PLM represents advances in the following areas:
1) The model links topography, hydrology, nutrient dynamics, and vegetation dynamics at a fairly high temporal (single-day) and spatial (200-m) resolution with land-use patterns and the longer term dynamics of land-use change. As far as we know, it is the most advanced model of its type for application at the regional watershed scale.
2) The model allows the explicit assessment of the impacts of the spatial pattern of land use on a large range of ecological indicators, thus providing decision makers and the public with information about the consequences of specific land-use patterns.
3) The model has been extensively calibrated over several time and space scales, which is a difficult and often-ignored operation for models at this scale and complexity. New methods based on multiple-criteria decision models were developed for this purpose.
4) The model operates at several scales simultaneously, including the site (or unit model) scale and the landscape scale, which integrates all the unit models.
5) The model is process-based, with processes changing in dominance over time. This allows better understanding of the underlying phenomena occurring on landscapes and therefore more detailed predictions of the possible results of changing land uses and policies. 6) While the model is formulated deterministically, extensive sensitivity analysis allows us to understand its complex dynamics without resorting to multiple stochastic replications. In the full spatial mode, when cells change from one land-use type to another, a bifurcation threshold is simulated, and all the parameters in the cell change to those of the new land-use type.
7) The high data requirements and computational complexities for this type of model mean that development and implementation are relatively slow and expensive. However, for many of the questions being asked this complexity is necessary. We have tried to find a balance between a simple, general model that minimizes complexity and one that provides enough process-oriented, spatially, and temporally explicit information to be useful for management purposes . 8) Spatial data is becoming increasingly available for these types of analyses and our modeling framework is able to effectively use this data to model and manage the landscape. One can also use the model to estimate the value of specific data collection investments for a particular model, watershed, and set of goals.
Ecosystem health and services
One of the primary goals of this type of modeling is the assessment of the impacts of patterns of land use.
But impacts on what? Water quality is one obvious endpoint, but it is really a much broader endpointsomething more like the overall quality, ''health,'' or ''integrity'' of the environment-that is of interest (Costanza et al. 1992 , Rapport et al. 1998 ). The question then becomes the following: How does one assess the overall quality or ''health'' of the environment, integrating over a broad range of indicators and stakeholders? One approach to this problem is the notion of ''ecosystem services,'' those functions of ecosystems that support, directly or indirectly, human well-being. This notion resonates with a broad range of stakeholders and also can be used to put ecological and economic services in a common metric for comparison (Costanza et al. 1997) . We are actively pursuing linking our work with models with an assessment and valuation of ecosystem health and services, as these may be the most readily understandable and comprehensive measures of performance in regional landscapes.
''Smart growth''
The PLM model can be used to analyze the impacts of specific development and/or regulatory policies. A couple of our current scenarios deal directly with these issues. For example, the policy sometimes referred to as ''smart growth'' has achieved some currency and has been advocated by several states, including Wisconsin and Maryland. ''Smart'' in this context is usually taken to mean ''clustered'' rather than ''sprawled'' development of new residential and commercial activities on the landscape. Scenarios 17 (residential clustering) and 18 (residential sprawl) look at the effects of a hypothetical clustering or sprawling of the existing residential land uses. The clustering scenario converts all current low-density residential land uses in the watershed to urban around three major centers, leaving everything else the same as the base case scenario. The sprawl scenario converts all current high-density urban into residential, randomly spread around the watershed. ), due to additional inputs from more lawns. The clustered scenario is better in terms of N in streams, with lower values of the mean (10.5 mg/L) and maximum (30.06 mg/L) N concentrations than the base case (12.37 and 56.00 mg/L, respectively) and approximately the same value for N min (1.33 vs. 1.37 mg/L). The sprawled scenario is much worse with 13.5, 45.14, and 3.55 mg/L, respectively. The clustered scenario is a bit ambiguous in terms of hydrology compared to the base case, with higher maximum and minimum water levels in streams (W max and W min ; see Table  3 ). This is due to the increased storm water runoff from urban areas vs. dispersed residential. This effect could be ameliorated with adequate urban storm water management, which was not assumed to be present in the current scenario run. The sprawled scenario had a lower W max and approximately the same W min compared to the base case, due to the replacement of agricultural land with low-density urban use. Groundwater N was lower in the clustered and higher in the sprawled scenarios than in the base case. Finally, NPP was significantly higher in the clustered scenario (1.868 kg·ha Ϫ1 ·yr Ϫ1 ) than the base case (1.627 kg·ha Ϫ1 ·yr Ϫ1 ) and lower in the sprawled scenario (1.271 kg·ha Ϫ1 ·yr Ϫ1 ). Higher NPP correlates with a higher production of ecosystem services and a higher quality of life.
Modeling and decision making
Humans interact with the model in two distinct, but complementary ways. First, stakeholders were involved in developing the model and can use the model to address policy and management issues. In this mode, human decision making is outside the model, but interacts with the model iteratively. The model is affected by decisions stakeholders make via changes the modelers make in response to the stakeholders' input and new scenarios that are run in response to their requests.
In the second mode, human decision making is internalized in the model. Only a few models have attempted to fully integrate ecological systems dynamics and endogenous human decision making (cf. Carpenter et al. 1999) , and none of these have been spatially explicit. In this mode, one tries to model the human agent's responses to the changing conditions in each cell, and the changes in built, human, and social capital. So far in the PLM, modeling of human decision making has been limited to the economic land-use conversion model. We are currently adding local socioeconomic dynamics to the unit model to further internalize human decision making.
These two modes are complementary because observing how people make decisions interacting with the version of the model that does not include human decision making can help us understand and calibrate the version of the model that does include human decision making internally.
We have been quite successful so far in using the model in mode one at several scales. Most land-use policy decisions in Maryland are made at the county level, and we have been interacting with several counties (in particular Calvert County) using the model to address land-use policy decisions. For example, we performed a detailed case study of the Hunting Creek subwatershed for the Calvert County Planning Commission to address questions of land-use impacts on stream water quality.
12 As stated at the outset, the Environmental Protection Agency (EPA) and other environmental management agencies at the federal level are getting much more involved in watershed and landscape level analysis and policy making. For these agencies, it is not so much the specific results for the Patuxent watershed that are of most interest, but the general technique and the general results that may be applicable to all watersheds. The landscape modeling techniques we have developed are certainly applicable to any watershed, and many of the scenarios reported in this paper are relevant to some of the general policy questions that the EPA and other environmental management agencies are addressing. These include the impacts of buildout (scenario 7), agricultural best management practices (scenario 8), the overall impacts of agriculture (scenario 14) and residential development (scenario 15), and the effects of sprawl and clustering (scenarios 17 and 18). Models like the PLM are essential tools to improve our ability to make informed regulatory policy decisions at the watershed and landscape scales.
Future work
Future work will consider a range of additional scenarios including climate change scenarios (changing storm frequency and intensity and CO 2 enrichment effects on plants) and additional development patterns that reflect specific smart-growth initiatives. The model will also be used in ''design mode.'' A series of stakeholder workshops are planned with the goal of achieving broader consensus on the preferred environmental and economic endpoints for the system. The model can be used to both inform this discussion and to determine the best way to achieve the desired endpoints.
We will also develop methods to use spatial landscape indices (Turner 1989 , O'Neill et al. 1992 ) to link simulation model output to ecosystem processes that are not modeled spatially in the ecological model. Landscape-level analysis of land-use data has shown promise in addressing how land-use pattern may influence population abundance, diversity, and resilience (Geoghegan et al. 1997) . Work in the Patuxent region has correlated bird abundance and species diversity with land-use characteristics such as fragmentation (Flather and Sauer 1996) . Others have shown how source population distance and natural corridors can influence recovery of both plants and animals following a catastrophic event (Hawkins et al. 1988 , Detenbeck et al. 1992 , Gustafson and Gardner 1996 . We are calculating several spatial pattern indices using coastal plain watersheds and creating empirical models that link population characteristics to spatial pattern. These empirical models can be applied to the Patuxent watershed and, more importantly, to changes in the watershed as predicted by the PLM.
Model development will continue with (1) a series of scaling experiments to better understand the tradeoffs between spatial, temporal, and complexity resolution and model performance; (2) addition of spatially explicit economic and social components to the unit model that will track built capital, human capital, and social capital; and (3) addition of spatially explicit animal population models for deer, beaver, and other ''landscape structuring'' species.
We also plan to continue software development to make spatially explicit landscape modeling more accessible. The Modular Modeling Language, which is under development (Maxwell and Costanza 1995) , offers the promise that submodels or modules of varying degrees of detail can be developed independently and interchanged during model development. Then, as users implement a model for a particular area, modules can be selected based on the relative importance of local processes, and high detail can be used where needed but otherwise avoided (Voinov et al., unpublished manuscript) . More work also remains to refine the model and address both data and model scaling issues.
We expect that these efforts will further advance our understanding of the often subtle and indirect links among and between the ecological and economic parts of regional landscape systems so that we may more wisely make the complex ''place-based'' decisions that we face.
